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The cerebral deposition of amyloid 0-peptide is an 
early and critical feature of Alzheimer's disease. Amy- 
loid 0-peptide is released from the amyloid precursor 
protein by the sequential action of two proteases, 
/3-secretase and y-secretase, and these proteases are 
prime targets for therapeutic intervention. We have re- 
cently cloned a novel aspartic protease, BACE, with all 
the known properties of 0-secretase. Here we demon- 
strate that BACE is an 7V-glycosylated integral mem- 
brane protein that undergoes constitutive N-terminal 
processing in the Golgi apparatus. We have used a se- 
creted Fc fusion-form of BACE (BACE-IgG) that contains 
the entire ectodomain for a detailed analysis of post- 
translational modifications. This molecule starts at 
Glu 46 and contains four JV-glycosylation sites (Asn 163 , 
Asn 172 , Asn 223 , and Asn 354 ). The six Cys residues in the 
ectodomain form three intramolecular disulfide link- 
ages (Cys^-Cys 420 , Cys 278 -Cys 443 , and Cys 330 -Cys 380 ). 
Despite the conservation of the active site residues and 
the 30-37% amino acid homology with known aspartic 
proteases, the disulfide motif is fundamentally different 
from that of other aspartic proteases. This difference 
may affect the substrate specificity of the enzyme. 
Taken together, both the presence of a transmembrane 
domain and the unusual disulfide bond structure lead 
us to conclude that BACE is an atypical pepsin family 
member. 



The hallmarks of Alzheimer's disease (AD) 1 pathology are 
brain plaques and vascular deposits (1) consisting of the 4-kDa 
amyloid )3-peptide (A/3) (2). Overproduction of the 42 -amino 
acid form of A/3, A/342, has been suggested to be the cause of all 
known cases of familial early onset AD (3), and it is assumed 
that A/342 deposition plays an early and critical role in sporadic 
AD as well. Therefore, A/3 metabolism has attracted consider- 
able interest. In 1987 it was shown (4) that formation of A/3 
requires proteolytic cleavage of a large type I transmembrane 
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protein, the /3-amyloid precursor protein (APP), which is con- 
stitutively expressed in most cell types. Over the next decade 
the proteolytic processing of APP has been studied in great 
detail in a variety of systems by many groups. Taken together, 
these studies have shown that A/3 is generated at a low rate by 
most cells analyzed and that two different proteolytic activities 
are required for Aj3 generation. First, /3-secretase cleaves APP 
to generate the N terminus of A/3, and second, y-secretase 
cleaves the C terminus, leading to the release of A/3 (for review 
see Ref. 5). Studies with intact cells expressing APP and the 
endogenous secretases have led to conclusions about the prop- 
erties of the /3- and y-secretases, e.g. their tissue distribution, 
subcellular localization, substrate requirements (see e.g. Ref. 6) 
etc., but until recently the identity of both j3- and y-secretase 
was unknown. This changed when we very recently identified 
the novel transmembrane aspartic protease BACE as the major 
j3-secretase (7). Three subsequently published independent 
studies (8-10) have confirmed this conclusion. Here we char- 
acterize the BACE protein. We show that BACE is an N- 
glycosylated integral membrane protein that undergoes consti- 
tutive N-terminal processing in the Golgi apparatus. We 
determine the processing and iV-glycosylation sites and the 
disulfide bonds. Our results demonstrate that BACE is an 
unusual member of the pepsin family. 

EXPERIMENTAL PROCEDURES 

Materials — Trypsin, pepsin, and endoproteinase Asp-N were ob- 
tained from Roche Molecular Biochemicals. Fluorescein 5-maleimide 
(FM) was purchased from Molecular Probes (Eugene, OR). 4-HCCA was 
from Sigma. Sialidase was obtained from Glyko (Novato, CA). N- and 
O-glycanases were from Genzyme (Cambridge, MA). Af-Glycosidase F 
was purchased from Roche Molecular Biochemicals. Other chemicals 
are of high quality grade. 

Analysis of BACE Membrane Binding — Untransfected 293 cells or 
293 cells stably expressing BACE were scraped into phosphate -buffered 
saline, and the cells were precipitated. The pellet was resuspended in 
25 mM HEPES, pH 7.2, with protease inhibitors, and the cells were 
swollen on ice for 60 min. Cells were lysed by 3 freeze-thaw cycles at 
-80 °C and then centrifuged for 15 min at 1,000 x g to precipitate 
nuclei. The supernatant was centrifuged for 60 min at 100,000 X g to 
give a crude membrane pellet and a supernatant containing cytosolic 
proteins. Membranes were solubilized in 25 mM HEPES, pH 7.2, 2% 
CHAPS and centrifuged at 20,000 x g for 10 min. The resulting super- 
natant contained the membrane-bound proteins. To determine if BACE 
is an integral or peripheral membrane protein, crude membranes were 
washed with either 0.5 M NaCl or 100 mM Na 2 C0 3 , pH 11, to release 
peripherally bound proteins. 

Analysis of BACE Posttranslational Modifications — A polyclonal an- 
tibody specific to the propeptide region of BACE was raised following 
standard procedures using as immunogen the peptide CGIRLPLRS- 
GLGGAPLGLRLPR (comprising amino acids 25-45 of BACE and an 
N-terminal Cys residue for coupling). After metabolic labeling with 
[ 35 S]methionine aliquots of the same cell lysates were immunoprecipi- 
tated using the previously described BACE C-terminal antiserum (7) 
and the propeptide antiserum following protocols described before (11). 
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iV-Glycosidase F treatment was performed after immunoprecipitation. 
For pulse-chase experiments cells were metabolically labeled for 20 min 
and then chased for the indicated times. Brefeldin A, dissolved as a 30 
mM stock in methanol, was used at 30 /llm final concentration in medium 
during a 3-h chase. Immunoprecipitates were analyzed by SDS-PAGE 
followed by quantitative imaging on a STORM 860 phosphorimaging 
system (Molecular Dynamics). 

Preparation and Purification of BACE-IgG — The BACE-IgG con- 
struct containing cDNA encoding the ectodomain of BACE (residues 
1-460) and the Fc portion of human IgGl (230 amino acids) was 
described previously (7). BACE-IgG protein was purified from condi- 
tioned media of stably transfected 293T cells with protein A columns. 
The protein A eluate consisted of BACE-IgG and a low level of clipped 
Fc fragment. In order to remove the Fc contaminant, this material was 
further purified by gel filtration using a Sephacryl S-300HR (Amer- 
sham Pharmacia Biotech) column (3.2 X 46 cm) in phosphate-buffered 
saline buffer. 

Treatment of the Enzyme with Fluorescein 5-Maleimide — In order to 
examine the existence of free sulfhydryl residues in BACE-IgG, the 
sample was treated with 10 mM FM in 50 mM Tris-HCl, 4 M guanidine 
HC1, pH 7.5, at room temperature for 20 h. Excess reagents were 
removed by passing through reversed phase HPLC using a Vydac C18 
column (2.1 X 150 mm). The protein fraction wa3 subjected to proteo- 
lytic digestion for peptide mapping. 

Proteolytic Fragmentation of BACE-IgG — The above FM-modified 
sample and intact BACE-IgG (-50 fig) were initially digested with 
trypsin (1 jxg) at 37 °C for 20 h in 0.1 M Tris buffer, pH 7.5 (200 fd). The 
sample was allowed to proceed to a second digestion with endoprotein- 
ase Asp-N (1 ftg) under the same conditions. The digested materials 
were directly subjected to reversed phase HPLC using a Vydac C18 
column (2.1 X 150 mm). Peptic digestion of the protein (-50 /xg) was 
performed in 0.02 n HC1, pH 2 (200 jd), for 20 h at 37 °C with an 
enzyme;substrate ratio of 1:50 (w/w), and the digestion was terminated 
by direct injection onto reversed phase HPLC. 

HPLC Separation of the Peptides — Trypsin-endoproteinase-Asp-N 
(TD)- or pepsin (P)-generated peptides were separated by reversed 
phase HPLC using a Vydac C18 column (2.1 X 150 mm). Two solvent 
systems (solvents A and B) were utilized, solvent A (0.1% trifluoroacetic 
acid) and solvent B (0.1% trifluoroacetic acid, 90% acetonitrile). The 
peptides were eluted with a linear gradient from 2% solvent B to 40% 
solvent B over 40 min and second gradient from 40% solvent B to 60% 
solvent B over 10 min. Flow rate was constant at 0.25 ml/min. The 
peptide was detected by absorbances at 215 and 280 nm. 

Treatment with N~ and O-Glycanases and Sialidase — Glycoprotein or 
glycopeptides were treated with several enzymes. For removal of sialic 
acid, the dried protein sample was dissolved in 20 mM sodium acetate 
buffer, pH 5 (50 jd), and incubated with sialidase (0.1 unit) for 20 h at 
37 °C. Protein samples were deglycosylated with N~ and O-glycanases 
in 20 mM sodium acetate buffer, pH 5, and were subjected to SDS- 
PAGE. Glycopeptides were incubated with the above enzymes under 
the same conditions. The sample was purified by reversed phase HPLC 
for mass spectrometry. 

Mass Spectrometry of Disulfide Peptides and Glycopeptides — Matrix- 
assisted laser desorption ionization (MALDD-mass spectrometry of the 
peptides was performed using either a Kratos IV (Kratos Analytical) or 
Voyager mass spectrometer (PerSeptive Biosystems). The sample was 
dissolved in 0.1% trifluoroacetic acid, 50% acetonitrile and then spotted 
on the sample plate with sinapinic acid or 4-HCCA as matrix. Cys- 
containing peptides were also analyzed using an ion-spray interface 
using a Michrome BIOSOURCE Ultrafast Microprotein Analyzer. The 
carrier solvent was 50% acetonitrile: water with 0.1% trifluoroacetic 
acid flowing at 5 ^.1/min. The scan range was 300-2400 atomic mass 
units with a step of 0.5 atomic unit. The mass units and standard 
deviation were calculated using Sciex hypermass software. 

Amino Acid Sequence Analysis — N-Terminal sequence analysis of 
peptides and proteins was performed on a model 494 ABI Procise 
sequencer system from Perkin-Elmer/Ap plied Biosystems Inc. (Foster 
City, CA). For analysis of PTH amino acids, an ABI 140 system was 
used. Data analysis was performed with the Applied Biosystems model 
610 data analysis program for protein sequencing, version 2.1. 

Carbohydrate Analysis— N-Glycosylation sites of the enzyme were 
identified by negative response on PTH analysis at the corresponding 
Asn cycle to the consensus sequence NX(S/T). The purified glycopep- 
tides were further analyzed by MALDI-mass spectrometry, indicating 
the mass of carbohydrate moiety after subtracting peptide mass. An- 
other strategy of carbohydrate analysis was performed by deglycosyla- 
tion using iV-glycanase digestion or hydrazinolysis. The sugar compo- 
nents were derivatized with 2-aminobenzamide and sodium 
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FlG. 1. BACE is an integral membrane protein. Immunoprecipi- 
tation of BACE from stably expressing 293 cells after overnight labeling 
is shown. C, cytosolic fraction; M, membrane fraction. Washing the 
membrane fraction with NaCI or Na 2 C0 3 leads to the release of periph- 
eral membrane proteins (P) into the wash phase, whereas integral 
membrane proteins (/) stay in the membrane. 

borohydride (12). The derivatives were purified by reversed phase 
HPLC for analysis by mass spectrometry. 

RESULTS 

BACE Is a Glycosylated Integral Membrane Protein That Is 
N -terminally Processed in the Golgi Apparatus — Analysis of the 
BACE protein sequence suggests that BACE is a single trans- 
membrane domain protein (7), and it has been shown that 
active enzyme can be released from membrane fractions after 
treatment with 0.2% Triton (9). We prepared cell lysates of 293 
cells stably overexpressing BACE and separated cytoplasm and 
membrane fraction by ultracentrifugation. Immunoprecipita- 
tion with the BACE C-terminal antiserum (7) confirmed that 
BACE is present only in the membrane (M), but not in the 
cytoplasmic fraction (C) (Fig. 1). Washing the membrane frac- 
tion with 0.5 m sodium chloride or 0.1 M sodium carbonate, pH 
11, does not release the protein into the wash phase (P), dem- 
onstrating that BACE is indeed an integral membrane protein 
(/). As noted before, mature BACE migrates on gels at —70 
kDa, a higher molecular mass than predicted from the amino 
acid sequence, suggesting that it maybe glycosylated (7). When 
BACE is immunoprecipitated after 20 min labeling from the 
stable 293 line with the C-terminal antibody, an immature 
species running at —60 kDa is detected (Fig. 2A, lane J5). As 
expected, nontransfected control cells treated the same way do 
not show this band {lane C). If the immunoprecipitate is pre- 
treated with iV-glycosidase F {lane BF), the band runs at less 
than 50 kDa, indicating that the immature species is ^-glyco- 
sylated. The same result is obtained with a second antibody 
raised to the propeptide region of BACE (Fig. 2A). This anti- 
body does not show a band with non-transfected control cells 
{lane C) but recognizes the same 60-kDa iV-glycosylated species 
as the C-terminal antibody, and the same molecular weight 
shift is observed upon AT-glycosidase F treatment. 

To analyze the turnover of BACE in the stable cell line, we 
performed a pulse -chase experiment in which the cells were 
labeled for 20 min and then chased in the absence of label. Cell 
lysates were prepared at the indicated times and immunopre- 
cipitated with the C-terminal antibody (Fig. 2B). At time 0 
immediately after labeling a strong 60-kDa band representing 
the immature iV-glycosylated species is detectable. At 3 h this 
band has disappeared, and less than half of the original mate- 
rial is recovered as mature glycosylated 70-kDa form that is 
degraded slowly {broken line, T\ A >9 h, Fig. 2D). Thus, overex- 
pressed BACE is glycosylated, and the immature iV-glycosy- 
lated form is rapidly degraded. The immature iV-glycosylated 
protein that escapes degradation is turned into the mature 
glycosylated form that is stable in 293 cells. We also performed 
pulse-chase experiments with the propeptide antibody 
(Fig. 2C). At time 0 the same 60-kDa band is detected as with 
the C-terminal antibody; however, by 2 h chase time most of 
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Fig. 2. BACE processing and glyco- 
sylation. A, immunoprecipitation of 
BACE from 293 cells after 20 min labeling 
using a C-terminal antiserum or a 
propeptide antiserum. C, nontransfected 
control cells; B, 293 cells stably express- 
ing BACE; BF, samples from 293 cells 
stably expressing BACE treated with N- 
glycosidase F. B, immunoprecipitation of 
BACE from stably transfected 293 cells 
after 20 min labeling followed by the in- 
dicated chase times in hours using the 
C-terminal antiserum. C, immunoprecipi- 
tation of BACE from stably transfected 
293 cells after brief labeling followed by 
the indicated chase times in hours using 
the propeptide antiserum. D, quantita- 
tion of the BACE signal by phosphorim- 
aging. Solid line, propeptide signal; bro- 
ken line, C-terminal signal. E, 
immunoprecipitation of BACE from cells 
chased for 3 h in the presence (+) or ab- 
sence (-) of Brefeldin A. 
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the signal has disappeared (Fig. 2C, quantitation see solid line 
in Fig. 2D). Only a minor portion of the material is at a molec- 
ular mass higher than 60 kDa. These results indicate that the 
BACE protein undergoes constitutive N-terminal processing 
and that the N-terminal processing occurs in temporal proxim- 
ity with the trimming/adding of carbohydrate residues of the 
immature form, i.e. in the Golgi apparatus. This finding was 
confirmed by a Brefeldin A treatment experiment (Fig. 2E). 
Cells chased for 3 h in the absence of Brefeldin A show only the 
mature 70-kDa protein that is detectable with the C-terminal 
antibody but not with the propeptide antibody. In contrast, 
cells chased with Brefeldin A for 3 h show the immature 60- 
kDa form that is detectable with both the C-terminal and the 
propeptide antibody. Thus, treatment of the cells with Brefel- 
din A blocks both N-terminal processing and further glycosy- 
lation of the immature 60-kDa form, indicating that propeptide 
cleavage happens in the Golgi apparatus. 

BACE-IgG Shows N-Glycosylation but Insignificant O-Gly- 
cosylation — In order to characterize the posttranslational mod- 
ifications of BACE in detail, it is necessary to purify a large 
quantity of the protein to homogeneity. We have previously 
described a soluble form of BACE that retains enzymatic ac- 
tivity but can be more, easily purified than the transmembrane 
form. Because this fusion protein shows enzymatic activity, it is 
assumed that the structure of the BACE ectodomain is not 
compromised in a major way (7) and only with the fusion 
protein were we able to get sufficient material for biochemical 
characterization. This fusion protein has been termed BACE- 
IgG and contains the extracellular domain of /3-secretase (res- 
idues 1-460) and the Fc portion (230 amino acids) of human 
y-immunoglobulin as shown in Fig. 3A. Because the IgG por- 
tion of the fusion protein forms the homodimeric Fc piece, we 
expected to find a molecule of the structure (BACE) 2 -(IgG) 2 in 
which the two IgG molecules are connected by intermolecular 
disulfide bonds. The fusion protein was expressed in human 
embryonic kidney 293 cells and purified from the conditioned 
media by protein A affinity chromatography, followed by gel 
filtration on Sephacryl S-300-HR. On non-reducing SDS-PAGE 
BACE-IgG showed a single band at approximately 116 kDa 



(Fig. 4, lane 2). An exact measure of protein mass was subse- 
quently obtained by MALDI-mass spectrometry, revealing a 
single component with a molecular mass of 116 kDa (Fig. 5), 
consistent with the SDS-PAGE result. This molecular mass 
suggests the structure BACE-(IgG) 2 but not (BACE) 2 -(IgG} 2 
(see Fig. 3£). Consistent with the proposed structure BACE- 
(IgG) 2 , SDS-PAGE after reducing treatment of purified BACE- 
IgG with j3-mercaptoethanol shows the monomeric BACE-IgG 
fusion running at 90 kDa, as described previously (7), and the 
IgG piece running at approximately 30 kDa (Fig. 4, lane 3). 
Nonreducing SDS-PAGE after treatment with AT-glycanase 
{lane 6), O-glycanase {lane 8), sialidase {lane 9), and sialidase + 
O-glycanase {lane 10) shows that BACE contains multiple N- 
glycosylation sites but insignificant O -glycosylation. 

N -terminal Processing of BACE-IgG — Full-length BACE iso- 
lated from transfected cells (7) or from human brain (9) starts 
predominantly at position 46, suggesting efficient proprotein 
processing. Ten cycles of sequence analysis for the purified 
BACE-IgG showed multiple N-terminal sequences. Two se- 
quences were derived from the N-terminal domain of BACE 
starting from residues 22 and 46, corresponding to sequences 
TQHGIRLPLR-(22-31) and ETDEEPEEPG-(46-55). We inter- 
pret the 22-form as the pro-form of the enzyme after cleavage of 
the signal peptide and the 46-form as the mature active spe- 
cies. The third sequence comes from the IgG portion, corre- 
sponding to AVTDKTHTXP-(461-470) for 10 residues. The 
ratio of the components was roughly 1:1 for BACE to IgG, as 
expected for BACE-(IgG) 2 (see Fig. 3£). 

Structural Analysis of BACE-IgG— Purified BACE-IgG was 
examined for the presence of free sulfhydryl residues using FM 
labeling. The FM-labeled protein was digested with trypsin and 
endo proteinase Asp-N. The peptide mapping analysis (data not 
shown) indicated a few fluorescent-positive peaks. However, 
none of them gave N-terminal sequences. Thus, the FM-posi- 
tive peaks might all be derived from the fluorescent reagent. 
This result suggests that all 6 cysteine residues in the BACE 
ectodomain form disulfide bonds. To analyze directly the disul- 
fide bonds and the glycosylation sites, BACE-IgG was digested 
with trypsin and endoproteinase AspN. The double digestion 
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Fig. 3. A, sequence of BACE-IgG, The 
Fc sequence (461-690, in brackets) of hu- 
man IgGl was attached to the ectodomain 
of BACE. B, schematic model of the 
BACE-IgG fusion protein. The BACE- 
(IgG) 2 structure determined in this study 
is shown. Estimated molecular masses 
(kDa) are based on the protein sequence, 
not including carbohydrate moieties. 
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Fig. 4. SDS-PAGE of purified BACE- 
IgG. The sample was loaded onto a nonre- 
ducing gel (4-20%) with SDS buffer. Lanes 
1, 4, and 7, molecular weight markers; 
lanes 2 and 5 BACE-IgG untreated; lane 3, 
after reduction with /3-mercaptoethanol; 
lane 6, iV-glycanase -treated sample; lane S, 
O-glycanase-treated sample; lane 9, siali- 
dase-treated sample; lane 10, sialidase + 
O-glycanase-treated sample. Bands in lane 
8-10 around the 55 -kDa marker were from 
O-glycanase or sialidase. 



was performed to obtain the Cys -containing peptides or gly- 
copeptides. The peptide map (data not shown) demonstrated 
significant resistance against the serine protease or endopro- 
teinase Asp-N, so peptide recovery was insufficient. Never- 
theless, several peptides gave useful information for eluci- 
dating the structure. The results are summarized in Table I. 



Peptide TD22.8 gave two sequences, DXK-(277~279) and 
D^GYNIPQT-(442-450), where X is to be a cysteine residue 
according to the amino acid sequence (Fig. 3A). Mass spectrom- 
etry supported the conclusion that the peptides were linked 
between these cysteines. Peptide TD27.5a showed a similar, 
but C-terminally extended sequence DXKEYNY-(277-283). 
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Fig. 5. MALDI-mass spectrometry 
of the purified enzyme. The BACE-IgG 
protein sample was loaded onto a slide 
with the matrix sinapinic acid. Protein 
mass was analyzed using a Voyager mass 
spectrometer as described under "Experi- 
mental Procedures," The mass at 116 kDa 
represents the singly charged ion and the 
mass at 58 kDa the doubly charged ion. 
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Table I 



Sequences of Cys-containing peptides from trypsin-endoproteinase Asp-N double digestion of BACE-IgG 


Peptide 


Sequence (residue no.f 


Observed mass 


Calculated mass 
(MH + ) 


Disulfide bond 


TD 22.8 


DCK-(277-279) 


1375 


1376.5 


Cys 278 -Cys 443 




DCGYNIPQT-(442-450) 






TD27.5a 


DCKEYNY-(277-283) 


1942 


1946.1 


Cys 278 -Cys 443 




DCGYNIPQT-(442-450) 






TD27.5b 


TPEVTCVWD-(499-508) 


1194 


1197.4 


Cys 504 -Cys 564 




CK-(564-565) 







a Cysteine residues were not detected by sequence analysis, but they are derived from the protein sequence (see Fig. 3A). 
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Fig. 6. HPLC map of pepsin-gener- 
ated peptides from BACE-IgG. The di- 
gested sample was subjected to reversed 
phase HPLC as described in text. The 
peptides were detected by absorbances at 
215 nm (solid line) and 280 nm (dotted 
line). 
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Mass spectrometry of both peptides confirmed the disulfide 
linkages as indicated with masses of 1376.5 and 1946.1, respec- 
tively. From these results we assign the first disulfide linkage 
as Cys 278 -Cys 443 . Finally, peptide TD27.5b consisting of the 
two peptides, ^K-(564-565) and TPEVTXVWD-(499-508), in- 
dicates the presence of Cys 504 -Cys 564 in the Fc region. Since we 
could not obtain sufficient information to determine all disul- 
fide bonds from the TD-digested peptides alone, the protein 



was digested with pepsin under acidic conditions. The pepsin- 
generated peptide map is shown in Fig. 6. Sequence analysis 
and mass spectrometry revealed the key peptides for determin- 
ing disulfide linkages and iV-glycosylation sites, and the ana- 
lyzed disulfide bond containing peptides are shown in Table II. 
Peptide P33.7 contained two sequences LKMDATCEY-(274- 
281) and DMEDXGYMPQT-(439-450). Mass spectrometry 
confirmed this assignment although the observed mass was 
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Sequences of pepsin-generated Cys peptides of BACE-IgG 


Peptide 


Sequence (residue no.) 


Observed mass 


Calculated mass 
(MH + ) 


Disulfide bonds 


P30.5 
P33.7 

P34.6 

P39.0 

P44.9 


AVTDKTHTCPPCPAPEL(LGM461-477/461-479r 

LKMDCKEY-(274-281) 

DMEDCGYNIPQT-(439-450) 

TCLVKGFYPSD-(609-619) 

SCSVMHEALHNHYTQKS-(667-683) 

FSLQLCGAGFPLNQSEVL-(211-228) 

AVSACHVHDEF-(416~426) 

LVCWQAGTTPWNIF-(328-341) 

VATSQDDCYKF-(373^383) 


3730 
2552 

3902 

b 

2915 


3734.4 
2532.8 

3903.1 

3139.5 

2914.3 


Cys 469 -Cys 472 
Cys 278 -Cys 443 

Cys 610 -Cys 668 

Cys 216 -Cys 420 

Cys 330 -Cys 380 



1 Two similar peptides (461-477 and 461-479) were cross-linked. We did not determine which of the cysteines form the disulfide bonds. 
' Due to iV-glycosylation, the sample did not show the expected mass (see Table III). 
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Fig. 7. Mass spectrometry of Cys-containing peptides. A, mass 
spectrum of P33.7. B, mass spectrum of P44.9. Peptide mass was de- 
termined by MALDI-mass spectrometer using Kratos IV. The sample 
was loaded onto a slide with 4-HCCA as matrix. 



slightly higher than the expected probably due to oxidation of a 
methionine residue (Fig. 7A). This disulfide bond was already 
assigned by peptide TD22.8 (see above). Peptide P37.7 and P39 



showed two sequences, FSLQLXGAGFPLNQSEVL-( 2 11-228) 
and AVSAXHVHDEF-(416-426), where X indicates the cys- 
teine residue. This peptide permitted us to determine Cys 216 - 
Cys 420 . Asn at residue 223 was not detected by sequence anal- 
ysis because of the Af-glycosylation. The difference between the 
peptides P37.7 and P39 may be due to carbohydrate heteroge- 
neity. Mass spectrometry of the peptide was not successful due 
to glycosylation. The third disulfide linkage Cys 330 -Cys 380 was 
determined by analysis of peptide P44.9, containing two se- 
quences, LVZWQAGTTPWNIF-(328-341) and VATSQDDXY- 
KF-(373~383). The observed mass of 2915 from peptide P44.9 
was consistent with the predicted mass 2914.3 within the ex- 
perimental errors (Fig. IB). Another disulfide of the Fc portion 
was determined to be Cys 610 -Cys 668 from peptide P34.6 (see 
Table II). Finally, the dimerized peptide P30.5 demonstrates 
the intermolecular linkages between Cys 469 and Cys 472 in the 
Fc portion. 

N -Glycosylation Sites — We have analyzed the glyco peptides 
for the identification of carbohydrate attachments (Table III). 
Four iV-glycosylation sites (Asn 153 , Asn 172 , Asn 223 , and Asn 354 ) 
from BACE and one site (Asn 540 ) from IgG are predicted ac- 
cording to the consensus sequence, NX(S/T). After sequence 
analysis of all peptic peptides, we found that the four potential 
iV-glycosylation sites of BACE are indeed occupied by carbohy- 
drate moieties. The fact that glycopeptides with the same 
amino acid sequence were separately eluted on HPLC suggests 
that these iV-glycosylation sites may have carbohydrate heter- 
ogeneities. For example, the peptide FINGSN-Q70-175) con- 
taining Asn 172 is separated into several peaks, P14.4, P14.9, 
and P15.3, respectively (Fig. 6). Moreover, mass spectrometry 
of a single HPLC peak, e.g. P27, gave several mass units, 
3158.5, 3320.7, 3524.1, and 3686.2, respectively. According to 
the sequence analysis the glycopeptide P27 has the sequence 
VSIPHGPNVTVRA-(146-158) (mass = 1347.5) and AT-glycans 
of this peptide should have 1811.0, 1973.2, 2176.6, and 2338.7 
mass units, respectively. Thus, even considering experimental 
errors, our mass data predict multiple carbohydrate structures. 
Sequence and mass spectral analyses of the glycopeptides are 
listed in Table III. Due to the complexity of the problem, de- 
termination of the exact carbohydrate structure is still in pro- 
gress, but the mass spectral fragmentation suggests that the 
predicted carbohydrates may have high hexose units, leading 
to the observed structural heterogeneity. 

DISCUSSION 

This study provides the first characterization of the recently 
identified j3-secretase protein BACE at the biochemical level. 
We began our analysis by addressing properties of the intact 
form of BACE that contains the predicted transmembrane do- 
main, and we confirmed that the BACE protein is an integral 
membrane protein (7, 9). Analysis of the turnover of BACE in 
overexpressing 293 cells demonstrated that BACE is constitu- 
tively processed to a mature form lacking the propeptide re- 
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Table III 
Glycopeptides from BACE-IgG 



IT C^JbJLLt? 


Sequence (residue no.) 


Sites" 


Observed mass (Calculated) 


P14.8 


FINGSN-(170-175) 


Asn 172 


ND (651.7) 


P19.0 


EVTNQSF-(351-357) 


Aan aS4 


3511.9 (824.8) 








3674.0 


P24.0 


YVDGVEVHNAK r rKPREEQYNST-(521-542) 


Asn 540 


4148.2 (2565.7) 








4309.8 








4471.6 


P27.0 


VSIPHGPNVTVRA-(146-158) 


Asn 153 


3158.5 (1347.5) 








3320.7 








3524.1 








3686.2 


P39.0 


FSLQLCGAGFPLNQSE VL-(2 1 1-228) 


Asn 223 


4120 (3139.5) 




AVSACHVHDEF (416-426) 




4552 



a iV-Glycosylation sites were determined by no detection of PTH-Asn at the corresponding cycle. Boldface letters show consensus sequences 
NX(S/T) for AT-glycosylation. The peptide P39.0 contained two peptides cross-linking through a disulfide bond. 
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Fig. 8. Comparison of disulfide mo- 
tif and iV-glycosylation sites in aspar- 
tic proteases. The ectodomain of the 
/3-secretase enzyme BACE has full en- 
zyme activity and contains the three in- 
tramolecular disulfide bonds as deter- 
mined here. In comparison with other 
aspartic proteases like pepsin and cathep- 
sin D, BACE contains a different disulfide 
connectivity. Active site Asp (D) residues 
are circled. 
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gion. Apparently, this processing is quite efficient, even under 
overexpression conditions, as has been reported before (9). At 
least in the 293 cells tested here processing of BACE does not 
appear to limit |3-secretase activity. The immature BACE pro- 
tein is rapidly turned over, and less than half of the initial 
material is recovered as mature protein. We do not know at this 
point whether the massive loss of immature protein is an 
overexpression artifact or whether a major proportion of imma- 
ture BACE is degraded under low level expression conditions 
as well. Once processed, BACE is quite stable even under 
overexpression conditions. Our results show that BACE is gly- 
cosylated. The findings that there is almost no fully glycosy- 
lated BACE which still contains the propeptide epitope and 
that Brefeldin A treatment blocks processing indicate that the 
cleavage of the propeptide happens in the Golgi apparatus. The 
nature of the propeptide processing enzyme is currently under 
investigation, but an autocatalytic mechanism, as reported for 
pepsin (13), seems unlikely, if one considers the sequence spec- 
ificity of BACE (7). 

To analyze the biochemistry of BACE in more detail, we 
made use of the previously described BACE-IgG construct (7) 
containing the entire ectodomain of BACE, which can be puri- 
fied much more conveniently than the transmembrane form. 
Because this form of the enzyme is active and maintains the 
sequence specificity of j3-secretase (7), it appears justified to 
study structural features of BACE using this soluble form. 



Sequencing of BACE-IgG confirms the Glu 46 start previously 
described for the transmembrane form (7, 9) and also identifies 
a species starting at Thr 23 that has the signal peptide cleaved 
off, but still contains the propeptide. We observed much lower 
amounts of this form when we analyzed membrane-bound 
BACE, suggesting that the propeptide cleavage of BACE-IgG is 
not quite as efficient as that of BACE. Whether this is due to 
different transport kinetics or other differences between the 
two forms is currently not known. 

The ectodomain of BACE contains six cysteines. According to 
the SH-labeling experiments it does not contain any free cys- 
teines, but they all form disulfide bonds. Within BACE we did 
not detect dimeric forms caused by covalent intermolecular 
bonds, but instead we demonstrated that all three disulfide 
bonds are intramolecular linkages. Since BACE is clearly a 
member of the pepsin family (7), one might expect that it could 
have a structure similar to other aspartic proteases including 
pepsin, cathepsin D or E, and human immunodeficiency virus 
proteases (for review see Ref. 13). However, here we show that 
it has no significant homology with other pepsin family mem- 
bers in the disulfide structure. As shown in Fig. 8, only phytep- 
sin, a plant aspartic protease (14), showed partial similarity 
with j3-secretase in the big loops of the C-terminal domain. 
These structural differences may affect substrate specificity of 
the enzymes. Obviously, a detailed discussion of the structure 
function-relationship for j3-secretase will require x-ray crystal- 
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lographic studies. Understanding this prime target for the 
treatment of Alzheimer's disease at the atomic level may turn 
out to be crucial for drug development. 
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